Caulobacter phage 46, previously reported to adsorb specifically to bacterial flagella, was shown here to attach to pili more frequently than to flagella. Phage 46 was shown to contain double-stranded DNA by circular Recent interest in the stalked bacterium Caulobacter has been motivated by the proposals of several authors that this genus might serve as a procaryotic model for the study of cellular differentiation (1, 11, 18) . The genus is characterized by two morphologically distinct cell types. The immature nonstalked cell, the swarmer, is motile with a single polar flagellum. The flagellar pole of the motile cell is also the site of attachment of several polar pili. However, the mature stalked cell lacks both the flagellum and pili (16).
Recent interest in the stalked bacterium Caulobacter has been motivated by the proposals of several authors that this genus might serve as a procaryotic model for the study of cellular differentiation (1, 11, 18) . The genus is characterized by two morphologically distinct cell types. The immature nonstalked cell, the swarmer, is motile with a single polar flagellum. The flagellar pole of the motile cell is also the site of attachment of several polar pili. However, the mature stalked cell lacks both the flagellum and pili (16) .
Many RNA-and DNA-containing bacteriophages have been described for Caulobacter (17; G. Szeyko and V. Gerencser, Bacteriol. Proc., p. 27, 1967), several of which have been reported to be specific for only the immature swarmer cell type. Phage oCbK infects only the immature motile cell type of Caulobacter crescentus (1) . However, Bender and Refson (Abstr. Annu. Meet. Am. Soc. Microbiol. 1980, Ull, p. 271) have shown that motility, although assisting in phage adsorption, is not required and that phage receptor activity is maintained on the motile cell only by continued protein synthesis. Jollick (10) reported that phage )6 infects only the motile cell type of Caulobacter vibrioides CV6 and subsequently reported that phage 46 was a flagellum-specific phage (11). Fukuda et al. (7) reported that DNA-containing phage OCp34 also infected only the immature Caulobacter cell and was flagellotropic. Johnson Evidence presented in this paper shows that the Caulobacter pilus, not the flagellum, is involved in phage 4)6 infection. In this respect, phage 46 is similar to Pseudomonas phages P02 and P04 described by Bradley (5) , the pilusdependent phages C22, M6, PE69, and C5 also described by Bradley (6) , and the pilus-specific phage for Asticcacaulis reported by Pate et al. (15) . Bradley's observations suggest that attachment of the phage to the pilus is followed by retraction of the pilus (4 Bacteriophage 46 morphology and attachment were studied with a Siemens Elmiskop I electron microscope. Specimens were negatively stained with 2.0% uranyl acetate. The elongated hexagonal head of phage 46 was 102 by 52 nm. The 240-nm noncontractile tail had distal fibrils which appeared to mediate attachment by wrapping around the bacterial pilus, as shown in Fig.  2 . As many as 10 phage particles were attached to a single pilus. Phage particles adsorbed to the cell surface at only one pole and had either full or empty heads. Unattached phage ghosts were occasionally seen; however, these phage that had lost their nucleic acid because of physical disruption could be readily distinguished from the ghosts adsorbed to the cell surface of the host. In the former case, the tail structure of the ghost was identical to that of the intact phage, with a compact appearance showing fine striated subunits. However, with phage ghosts adsorbed to the cell, i.e., phage that had probably injected their DNA after adsorption, the tail structure was markedly altered; it was less dense, it had lost its compact subunit structure, and an inner hollow-appearing central channel was observed. This alteration of tail structure was not seen in phage that were bound to pili.
The binding specificity of phage 46 to Caulobacter surface appendages was studied by electron microscopy of infected CV6 cultures. Occasionally, viral attachment to flagella was observed. However, the phage bound most frequently to a pilus, attached via the phage terminal tail fibrils. We attribute our inability to visualize pilus-phage attachment earlier (11) Caulobacter CV6 PYE broth culture, phage 46 (multiplicity of infection, 0.01) normal phage adsorption control. Phage were assayed after removal of the infected cells by centrifugation and filtration of the host-phage mixture; the controls were treated similarly. This experiment presumably measures irreversible binding of the phage to the cells, as contrasted with the reversible association of the phage to pili as seen, for example, in the electron microscope.
was exposed to UV radiation sufficient to kill 90% of the original cell population. Appropriate dilutions of the surviving cells were plated in minimal swarming medium (with 0.2% glucose) containing 0.25% agar. Normal motile isolates were identified by the formation of large, diffuse colonies, whereas growth as a compact, dense colony indicated loss of motility. None of the five nonmotile mutants isolated had a flagellar filament as monitored by electron microscopy, although two produced the flagellar hook. Also, all five mutants produced polar pili (as seen by electron microscopy), and all were susceptible to phage 46 as determined by the spot test lysis technique (2) . Figure 4 shows examples of the pilus-less and flagellum-less mutants and the relationship of pili and the flagellum of a normal Caulobacter CV6.
We have isolated numerous phage 4)6-resistant mutants of CV6 by selection of colonies which appear on phage propagation soft-agar overlays. Five randomly chosen mutants were examined by electron microscopy for the presence of pili. By our procedure, we invariably find pili in normal cultures within 5 min of search. In the case of the phage-resistant mutants, each culture was examined at least 30 min before we declared them to be pilus-less. All had flagella and were motile as seen by light microscopy. All five phage-resistant mutants lacked pili.
Shearing of flagella and pili by blending resulted in the loss of capacity of CV6 cells to adsorb phage 46. Plate counts of cultures before and after blending showed no decrease in viable cells. Sheared cells which initially did not adsorb phage )6 gradually reacquired full preblending phage-adsorbing capacity within 90 min upon continued incubation in growth medium (11) .
Removal of flagella and pili by shearing concomitant with loss of phage-adsorbing capacity suggests that one of these structures is involved in phage adsorption. The proposed role of one of these structures is further supported by our observation that KCN inhibits adsorption, since both flagellar movement and pilus retraction are energy-requiring processes. Our electron microscopic evidence and the observations that phageresistant mutants are pilus-less, whereas Flamutants which do have pili are phage 46 susceptible, strongly suggest that pili, not flagella, are involved in infection by phage 46.
Our findings, as well as the following, suggest that the phenomenon of pilus-specific DNA phages is common in the genus Caulobacter: the report of Bender and Refson of an unstable receptor for 4CbK (Abstr. Annu. Meet. Am. Soc. Microbiol. ASM 1980, Ull, p. 271), the observation of Johnson and Ely (8) that 0Cp34 will infect Fla-mutants, and the report that 4)CbKresistant strains lack pili (12) .
In retrospect, the description of Szeyko and Gerencser (Bacteriol. Proc., p. 27, 1967; personal communication) of numerous DNA-containing Caulobacter phages produced in high titer by susceptible hosts, yet obviously not infectious for a portion of the host population, may be interpreted as additional evidence for the occurrence of other swarmer cell type-specific phages. The facts that pili in Caulobacter are found only at the cell pole and that phage adsorption to the cell surface occurs only near the pilus insertion sites further strengthen the possibility that many Caulobacter phages are pilus specific.
Our observations with Caulobacter phage 46 are similar to those of Bradley (5), Bradley and Pitt (6), and Pate et al. (15) and extend this unusual mode of phage infection to this genus. The occurrence of pilus-specific phages for Caulobacter and Asticcacaulis is of special interest because only one of the two cell types in a culture is piliated; thus, only a well-defined segment of the population is sensitive to infection by these phages.
